The relationships between fruit enlargement and development of seed components, particularly embryo were investigated in 2000 and 2001 with respect to physiological fruit drop by using 'Shimizu Hakuto' peach (Prunus persica Batsch) trees subjected to different fruit thinning levels. As the standard fruit thinning (SFT), the first thinning was conducted in early May to 2,3-fold levels as final crop load (about 70 leaves per fruit at harvest), followed by the second thinning in early June to the final level. For heavy fruit thinning (HFT), fruit density was adjusted in early May to the final crop load and for light fruit thinning (LFT), in early June to 1.5-fold of the final crop load. The percentage of physiological fruit drop was significantly higher (P < 0.05) in trees under HFT than in LFT and SFT in both years. The percentage of split-pit fruit was significantly higher (P < 0.05) in HFT than LFT in 2000 but there was no significant difference between HFT and SFT in 2001. At the end of Growth Stage 2, fruit weight was proportional to seed size, but it was inversely related to embryo size in 2000 under both HFT and LFT. The mean embryo length of HFT fruit was two-thirds of that of LFT, although the different thinning levels had no significant effect on endosperm length. There was no difference in embryo length between those of split-pit and non-split-pit fruit at early Growth Stage 2. However, at the late Growth Stage 2 in HFT trees, the embryos diverted into two types: normal and very small (< 3 mm); this diversion was not observed in SFT. In HFT trees, there was an inverse relationship between fruit weight and dry matter accumulation of seed components. The larger the fruit, the smaller was the dry matter accumulation in the nucellus and endosperm. Thus, the increased rate of physiological fruit drop in HFT trees might be attributed to the reduction of photosynthates partitioned to the seed because of rapid fruit enlargement which leads to inferior embryo development.
Introduction
Physiological fruit drop is one of the most serious problems in peach production, although the degree depends on cultivar. Many investigations have previously been conducted to elucidate the mechanism of physiological fruit drop in peach (Nakagawa et al., 1973; Rascio et al., 1985; Tukey, 1936) . The seed is one of the main sources of plant growth regulators for the fruit, and its abortion means that it cannot sustain the fruit resulting in its abscission (Tukey, 1936) . Another typical physiological injury in peach fruit is split-pit (Claypool et al., 1972; Ragland, 1934) . In general, split-pit is found in almost all fruit that abscise prematurely, the main factor in physiological fruit drop. Based on these facts, it has been recognized that split-pit related to physiological fruit drop may be involved in the death of seed through the destruction of vascular bundles that nourish the seed (Kimura, 1991) . In early-ripening peach cultivars, however, rapid fruit enlargement in the middle of pit-hardening, Growth Stage 2, promoted split-pit but does not increase physiological fruit drop (Fukuda et al., 2001) . We previously reported that embryo growth was smaller in 'Shimizu Hakuto' peach, one of the cultivars with severe physiological fruit drop, compared with other early-ripening cultivars (Fukuda et al., 2001) . Further, the fruit in heavy-thinned 'Shimizu Hakuto' peach trees became larger than those in light-thinned trees, although the development of seed components, especially embryo was deminished in the HFT but not in LFT. The level of physiological fruit drop in heavy-thinned trees was also higher than that in light-thinned trees (Fukuda et al., 2001) . Based on these findings we assumed that seed development in 'Shimizu Hakuto' fruit might easily stop. Wanaka (2001) suggested that final fruit thinning should be done when embryo length exceeds 5 mm so as to lower the occurrence of physiological fruit drop. It is not clear whether seed development or split-pit is the most dominant factor that induces physiological fruit drop in peach.
In this study, the relationships between physiological fruit drop, split-pit, and seed development in 'Shimizu Hakuto' peach were investigated by using trees subjected to different thinning levels.
Materials and Methods

Plant materials and treatments
Six mature bearing trees of 'Shimizu Hakuto' peach (Prunus persica Batsch), grown in the Research Farm of the Faculty of Agriculture, Okayama University, were used in 2000 and 2001.
In 2000, for heavy fruit thinning (HFT) three trees were thinned in early May to the final crop load (about 70 leaves per fruit at harvest) and for light fruit thinning (LFT); three trees were thinned in early June to 1.5-fold of final crop load. Ten to fifteen fruit per tree were collected at weekly intervals from late May to early July. After measuring the size and weight of the collected fruit, each fruit was separated into flesh, pit, and seed, their sizes and fresh weights were determined. When it was possible to confirm the existence of the endosperm and embryo in the seed with the naked eye, their lengths were also measured by using a digital caliper.
In 2001, three trees were heavily thinned in the same way as in 2000. Another set of three trees was thinned by standard fruit thinning (SFT), in which the first thinning was done in early May to 2, 3-fold level of final crop load; the second was done in early June to the final level. Six fruit per tree were collected at two or three day intervals in the same period as in 2000; their size and weight were determined.
Measurement of endosperm and embryo length
To measure the length of the endosperm and embryo, seeds of three fruit per tree were fixed by formalin acetic acid alcohol (FAA) fixation solution from the beginning of June. The seed tissue containing the endosperm and embryo was excised, dehydrated, and then embedded in paraffin. Paraffin sections (15 µm thick) were prepared by using a rotary microtome. Maximum lengths of endosperm and embryo were determined under light microscopy.
Analysis of dry matter accumulation in seed tissues
Seeds of three fruit were separated into nucellus with seed coat, endosperm and embryo; the fresh weight of each tissue was measured. After freeze-drying for three days, dry weight of each tissue was measured; percentage of dry matter in each tissue was determined.
Incidence of physiological fruit drop
Dropped fruit were counted and the percentage of physiological fruit drop was calculated in both years.
Results
Fruit growth
Regardless of the fruit thinning level, the growth curve of peach fruit was double sigmoid showing Growth Stage 1, 2 and 3. Growth Stage 2, during which fruit enlargement is slow extended from June 2 to July 4 in 2000 and from May 27 to June 27 in 2001. In both years, fruit from HFT trees were larger than those from LFT or SFT trees just after fruit thinning in May; a similar trend was observed in relation to enlargement of pit and seed (data not shown).
Incidence of split-pit fruit and physiological fruit drop
The percentage of split-pit fruit and physiological fruit drop in HFT, LFT and SFT (Table 1) reveal that most physiological fruit drop occurred from June 20 to July 15 in 2000, and from June 23 to July 10 in 2001. In 2000, both the percentage of split-pit fruit and physiological fruit drop were significantly (P < 0.05) higher in HFT than in LFT. In 2001, however, there was no significant difference in the percentage of split-pit fruit between HFT and SFT, although the percentage of physiological fruit drop was significantly higher (P < 0.05) in HFT than in SFT.
3. Fruit weight and lengths of seed, endosperm and embryo in HFT and LFT The relationships between fruit weight and the lengths of seed, endosperm and embryo in HFT and LFT were compared on June 23, 2000 at the third quarter of Growth Stage 2 (Fig. 1) . The presence of embryo could not be confirmed with the naked eye in many fruit collected from HFT before June 16. The fruit weight ranged from 75 to 105 g in HFT and from 50 to 75 g in LFT. Seed length was more or less constant, regardless of fruit weight in both treatments. There was a negative correlation between fruit weight and the lengths of endosperm or embryo in both treatments, although not significant. The relationship between lengths of endosperm and embryo in 2000 (Fig. 2) show that regardless of the thinning level, the endosperm length was more or less the same, ranging from 11 to 23 mm. However, the embryo length was markedly different in the two treatments. The mean embryo length in LFT (6.06 mm) was significantly higher (P < 0.001) than in HFT (3.84 mm) at the end of Growth Stage 2. The endosperm length was proportional to the embryo length in HFT. For instance, the embryos in endosperms, whose length ranged from 11 to 16 mm were extremely small (less than 3 mm). However, many larger embryos (more than 6 mm in length) were found in LFT fruit.
4. Fruit weight and lengths of endosperm and embryo in HFT and SFT The relationship between fruit weight and the length of endosperm or embryo in HFT and SFT fruit collected on June 6, 16 and 27 in 2001 (Fig. 3) show that except for the results of June 27 in HFT, fruit growth did not affect the endosperm growth in both treatments. In HFT, fruit weight was inversely proportional to embryo length, but not in SFT.
Embryo length in split-pit and non-split-pit fruit
The average embryo length and its distribution were compared between non-split-pit fruit and split-pit fruit (Fig. 4) . There was no significant difference in average embryo length between the non-split-pit and the split-pit fruit in both treatments until June 14, which corresponded to mid Growth Stage 2; thereafter the embryo growth decreased in split-pit fruit (Fig. 4, upper) . There was no difference in the distribution of embryo sizes between split-pit fruit and non-split-pit fruit in HFT and SFT from the beginning to mid Growth Stage 2. However, the ratio of small embryo (less than 3 mm) was higher in split-pit fruit than in non-split-pit fruit in HFT from mid to the end of Growth Stage 2. There was no such tendency in SFT (Fig. 4, lower) .
6. Fruit weight and dry matter content of nucellus, endosperm and embryo The relationships between fruit weight and percentage of dry matter content of nucellus, endosperm and embryo in the fruit collected on June 11 and 18 in HFT and SFT (Fig. 5) shows that the percentage of dry matter content in the nucellus, endosperm and embryo in HFT was significant (P < 0.05), but inversely proportional to fruit weight on both collecting dates. No relationship was observed in SFT. Furthermore, the percentage of dry matter content in the embryo was lower in HFT than in SFT. Mean embryo length in HFT and LFT was 3.84 and 6.06 mm, respectively, and there was significant difference by t-test at P < 0.001. Fig. 3 . Relationship between fruit weights and lengths of endosperm and embryo in 'Shimizu Hakuto' peach trees subjected to heavy fruit thinning (left series) and standard fruit thinning (right series). Fruit were collected on June 6, 16, and 27, 2001. * indicates significant by t-test at P < 0.05.
Discussion
This study was undertaken to clarify the most important factor responsible for physiological fruit drop in peach by using trees subjected to different levels of fruit thinning. In both 2000 and 2001, the percentage of physiological fruit drop in HFT was higher than those in LFT and SFT. However, the relationship between the percentages of split-pit fruit and physiological fruit drop was different in the two years. It had earlier been thought that the drop is closely related to the number of fruit with split-pit (Kimura, 1991) . In 2000, the percentage of split-pit fruit in HFT was significantly higher (P < 0.05) compared with LFT, whereas in 2001 there was no significant difference between HFT and SFT. This observation suggests that another factor that induces physiological fruit drop may exist in addition to occurrence of split-pit.
The peach fruit not only has an exalbuminous seed, but also has compositional changes in the seed throughout Growth Stage 2. The seed is filled with nucellar cells at Growth Stage 1 followed by a rapid growth of the endosperm from the beginning to mid Growth Stage 2, and finally embryo growth begins from about one week after commencement of endosperm growth (Ryugo, 1988) . In this study, there was no significant difference in endosperm length between HFT and LFT in 2000, and also HFT and SFT in 2001; however, the mean length of embryo in HFT was half that in LFT, and embryo length in HFT was shorter compared with SFT from the beginning of Growth Stage 2. Fruit weight in HFT was significantly inversely proportional to the embryo length. It is well known that the number and size of seeds affect fruit enlargement in many fruit species and play an important role in nutrient competition among fruit (Grant and Ryugo, 1984; Nitsch, 1950) . Seed development in HFT was inhibited compared with those in LFT and SFT, but the fruit growth increased rapidly after fruit thinning in early May. In HFT trees, the fewer fruit due to heavy, early thinning may have decreased nutrient competition among fruit compared with LFT and SFT and, therefore, the fruit in HFT trees continued to grow during Growth Stage 1, although the seed development was inhibited. When embryo growth was compared between nonsplit-pit and split-pit fruit, embryos of split-pit fruit in HFT could be separated into two types, normal and very small, although there was no such tendency in SFT. These results indicate that some HFT fruit had very small embryos because seed development ceased after the occurrence of split-pit. The suppression of seed growth may be related to the limited amount of carbohydrates and nitrogen compounds translocated to the seed. In general, the percentage of dry matter content in nucellus and endosperm reflects the degree of accumulation of assimilates and nitrogen compounds in the tissues. Therefore, we followed dry matter accumulation to investigate the relationship between fruit weight and the diversion of dry matter to the nucellus, endosperm, and embryo in an attempt to elucidate the possible cause of inhibited embryo growth in the vigorously growing fruit. We were particularly interested in testing the hypothesis that a rapid increase of fruit weight induces a decrease in dry matter accumulation in the nucellus and endosperm through nutrient competition. It has been reported that assimilates accumulated in nucellus are consumed by the endosperm growth; thereafter substances accumulated in endosperm are mainly consumed by the embryo growth (Bassi and Ryugo, 1990) . Assimilates translocated to the fruit are partitioned among mesocarp (flesh), endocarp (pit), and the seed. This partitioning of sugar within a fruit was investigated by Lo Bianco and Rieger (2002) . Almost all of carbohydrates transported into fruit are distributed in the flesh at the hardening stage of the endocarp, because the amount of sucrose and sorbitol accumulated in each tissue of fruit is determined by the sink strength and sink size of the mesocarp which are higher than in the seed at that time (Lo Bianco and Rieger, 2002; Weber et al., 1997) . It is well known that embryo growth in early-ripening peach cultivars is poorer compared to mid-or late-ripening peach cultivars because of the continuous enlargement of the flesh at pit-hardening (Sinclair and Byrne, 2003; Tukey, 1936) . Not only sugars, but also nitrogenous compounds, such as amino acids and proteins are accumulated in the peach seed (Bassi and Ryugo, 1990) . Kubota and Hikasa (1995) reported that less nitrogenous compounds were accumulated by seeds and pits of 'Setouchihakuto' peach tree that exhibited severe rate of physiological fruit drop compared with trees that had a moderate drop. When peach trees are managed by light pruning, occurrence of physiological fruit drop is decreased, while seed growth improved compared with heavily (usual) pruned trees (Fukuda et al. 2002) . Our current findings and previous observations indicate that assimilates may exclusively be translocated into the flesh and, therefore, the distribution to seeds may be limited, when the ratio of flesh weight to fruit weight is extremely high.
Seed is the site that produces much plant growth regulators that are translocated to the flesh or out of the fruit (Jackson, 1968; Powell and Pratt, 1966) . For instance, gibberellin content increased rapidly in the embryo at the middle of Growth Stage 2 (Jackson, 1968) . Although the relationship between gibberellin content in the seed and embryo length was not investigated in this study, it has been suggested that the size of an embryo is related to the level of gibberellic acid in the fruit which sustains its growth (Wanaka, 2001) . However, there is evidence that seed destruction increased after the middle of Growth Stage 2 does not relate to the sustainability of fruit (Nakagawa et al., 1973; Wanaka, 2001) . The percentage of normal, viable seeds in an early-ripening cherry cultivar was also extremely low at harvest (Tukey, 1936) . In this study, the presence of normal seeds were not confirmed in many of the split-pit fruit collected at harvest under both fruit thinning treatments.
In conclusion, the results presented here indicate that the most important cause of physiological fruit drop in peach is suppression of seed development, and embryo growth in particular, probably due to the rapid fruit enlargement, as opposed to the occurrence of split-pit.
